A small quantum dot containing approximately 20 electrons is realized in a two-dimensional electron system of an AlGaAs/GaAs heterostructure and studied by combining microwave and conventional transport spectroscopy.
Irradiation with microwaves results in photon-induced tunneling through ground and excited states of this artificial atom. We are able to probe photon-assisted tunneling in linear and non-linear transport. With a coupled two-source technique we confirm the results from the direct current measurement and obtain additional information on tunneling through an excited and a ground state.
Spectroscopy on quantum dots is commonly performed either by non-linear transport [1, 2] or by microwave measurements [3] [4] [5] [6] . Ordinary linear transport, i.e. under a small forward bias V ds between source and drain contact and without microwave irradiation, only involves quantum dot ground states. In the non-linear case, by applying a finite bias 1 across the "artificial atom" [7] , also excited quantum dot states can participate in transport.
Alternatively, in the presence of a microwave field electrons can absorb or emit photons and thus reach excited quantum dot states otherwise not available in linear transport -a phenomenon known as photon-assisted tunneling (PAT) [8] . In a combination of the two methods described, we present photoconductance measurements on a small quantum dot both in the linear and non-linear transport regime. We are able to study resonant tunneling and PAT through the ground state as well as through excited states. PAT in the non-linear regime can be resolved by using two coupled microwave sources with a slight frequency offset and detecting the photoconductance signal at the difference frequency. We are thus not limited by the broadening of the conductance resonances due to finite bias. Furthermore, this technique allows us to extract the relative phase between the microwave-induced current and the incoming microwave signal. The phase reveals different features for tunneling through the ground state and an excited state of the artificial atom.
For the observation of PAT through excited states the size of the quantum dot system is crucial: First, the dot has to be small enough to have a mean energy level spacing∆ large compared to the intrinsic or thermal broadening of the conductance resonances, i.e.
Γ, k B T <∆ = 2h
2 /m * r 2 , where Γ denotes the intrinsic level broadening, T the temperature and r the radius of the dot. Second, the excited state must be attainable via absorption of one or a few photons, i.e. hf ≈∆, where f is the microwave frequency. In order to form such a small laterally confined quantum dot, patterned split gates are adopted to selectively deplete the two-dimensional electron system (2DES) of an AlGaAs/GaAs heterostructure.
The split gates are fabricated on the surface of the heterostructure using electron beam lithography. A schematic drawing of the structure is shown in the inset of Fig. 1 . The gate structure separates a small electronic island from the 2DES via tunneling barriers. The 2DES itself is located 50 nm below the surface of the heterostructure and has a carrier density of n s = 2 × 10 11 cm −2 and a low temperature mobility of µ = 8 × 10 5 cm 2 /Vs.
In order to characterize the electronic structure of the artificial atom, at first standard direct current (dc) transport measurements without high frequency irradiation are performed.
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The measurements are conducted in a dilution refrigerator at 140 mK bath temperature which is higher than its possible minimum value of 20 mK. This is due to heat leakage through the coaxial lines used to couple the high frequency radiation on our sample. In the tunneling regime at V ds = 0 the conductance of the quantum dot is normally zero due to
Coulomb blockade (CB) [2] . By tuning one of the gate voltages, however, the potential of the dot can be varied to align a discrete quantum dot state with the chemical potentials of the leads [9] which results in a conductance resonance. The gate voltage range over which the CB is lifted can be increased by applying a finite bias over the quantum dot. Changing gate and bias voltage simultaneously therefore leads to a diamond-shaped conductance pattern
The result is displayed in Fig. 1 , where the differential conductance dI/dV ds in the vicinity of a resonance is shown as a function of forward bias V ds and gate voltage V g . For convenience, the gate voltage is rescaled to ∆E = −eα∆V g which is the energetic distance from the ground state resonance at V ds = 0. Here, α = C g /C is the ratio of gate capacitance C g to total capacitance C and is deduced from the slopes of the resonance lines in the V ds − V g -plane. The transformation to ∆E allows for a direct extraction of excitation energies from the conductance plot.
From the zero-bias distance between adjacent conductance peaks the total capacitance of the quantum dot is determined to be C = 85 aF. The quantum dot radius is thus estimated to be r = 70 nm, i.e. the quantum dot contains only about 20 electrons. As expected, for non-zero bias the ground state resonance (marked ǫ in Fig. 1 for comparison with Fig. 3) splits by eV ds . For V ds > 0 an additional conductance resonance due to an excited state at ǫ * develops, which is ∆ + = ǫ * − ǫ = 390 µeV above the ground state. Correspondingly, for V ds < 0 a resonance is detected at a distance ∆ − = 280 µeV from the ground state.
These excitation energies are in good agreement with the mean level spacing∆ ≈ 465 µeV estimated from the dot radius. It is important to note from Fig. 1 that the ground state resonance for V ds < 0 is almost suppressed for ∆E > 0, whereas it is not for ∆E < 0. The origin of the '∆E > 0'-resonance is the alignment of the dot's ground state with the chemical potential of the drain reservoir. Correspondingly, the '∆E < 0'-resonance is related to the source reservoir (compare to Fig. 3 ). This leads us to the conclusion that the tunneling barriers are rather symmetric for V ds > 0, but strongly asymmetric for V ds < 0. This is also supported by the microwave experiments reported below, in which pumping currents -the hallmark of asymmetric barriers -are observed only for V ds < 0.
Two different techniques are applied to study the transport properties under microwave irradiation. For low forward bias V ds ≈ 0, the direct current through the dot is measured using a single microwave source. Alternatively, we employ two phase-locked microwave sources which are slightly offset in frequency. This second technique allows to detect photoninduced transport also in the nonlinear regime |V ds | > 0. Furthermore, the relative phase of the photon-induced current with respect to the incoming microwave can be determined.
Results obtained with the first technique are shown in Fig. 2 where the current through the quantum dot for small bias ranging from −19.3 µV to +19.3 µV is displayed under microwave irradiation at frequency f = 36.16 GHz. To this end, millimeter waves with frequency 18.08 GHz are generated by a microwave synthesizer (HP 87311A), then frequencydoubled with a doubler (MITEQ MX 2V260400) and filtered using a band pass filter (QUIN-STAR QFA-3715-BA) with center frequency 32 GHz. The microwave signal is coupled into the cryostat using coaxial lines and irradiated on the sample using an antenna formed out of a conducting loop. The coupling proved to be best at the chosen frequency 36.16 GHz.
For small positive bias the original ground state resonance (M) as well as a sideband (G) in a distance hf ≈ 0.15 meV is detected. This sideband in the current signal is due to photonassisted tunneling through the ground state. Quite differently, for negative bias additional features in the current signal are induced by the microwaves. These features can be attributed to photon-induced pumping (P) and photon-assisted tunneling through an excited quantum dot state (E). The processes involved are schematically depicted in Fig. 3 : At low positive bias only the ground state transition Fig. 3(a) occurs. As found in the preceding paragraphs, the first excited state for this bias direction is too far above the ground state to be accessible by a one-or two-photon process. The other possible photon-induced ground state transition (∆E > 0) shown in Fig. 3(b) is not detected in the low-bias current signal.
However, it is resolved for larger bias values applying the two-source detection scheme (see below). For negative bias V ds < 0 the excited state at ǫ * = ǫ + ∆ − can participate in transport when the ground state is depopulated by a two-photon absorption process ( Fig. 3(a) ) (2hf ≈ ∆ − ), a process analogous to photo-ionization [5] . Furthermore, the strong asymmetry of the tunneling barriers for V ds < 0 gives rise to a pumping current flowing against the bias direction (Fig. 3 (b) ). Due to the quantum dot's asymmetry microwaves can permanently populate the ground state ǫ with electrons from the source contact which then partly decay into the drain region.
Photon-induced features similar to our results have been reported before [5] and explained theoretically using, e.g. nonequilibrium Green-function techniques [10, 11] . However, to hf which can readily be explained by photon-assisted tunneling processes as in Fig. 3(a) and (b). This is also the case for the '∆E > 0'-conductance resonances for negative bias. However, the resonance for ∆E < 0 on the negative bias side is shifted by ∆ − , thus enlarging the conductance window to eV ds + hf + ∆ − . The process involved is the finite bias version of the transition depicted in Fig. 3(c) : An electron leaves the quantum dot's ground state for the source contact via absorption of two photons. Now, electrons can tunnel through the excited state as long as the ground state is depopulated. The strength of this transition is probably related to the large overlap between the excited state wavefunction and the wavefunctions in the leads. This can already be seen from the negative bias excited state resonance in Fig. 1 which is much larger than the resonance caused by the ground state transition. Transport through the excited state stops when an electron decays to the ground state, or an electron enters the quantum dot's ground state from the leads.
In at Φ = 0 which means that the out-of-phase photoconductance γ π/2 is equal to zero. The response of the quantum dot to the microwaves is similar for both of the tunneling processes (G). In fact, the two peaks (G) in the amplitude signal stem from ground state resonances as depicted in Fig. 3(a) and (b) . The situation is considerably different for V ds < 0 where a strong pumping signal (P) is observed which is caused by a process as in Fig. 3(d) . At the position where the photocurrent changes its direction, the amplitude drops to zero and the phase changes trivially by π (this corresponds to crossing zero in the γ 0 − γ π/2 -plane). The second peak (E) stems from the photon-induced tunneling process through the excited state as in Fig. 3(c) . Moving away from this second resonance to more negative ∆E, the phase continuously returns to its original value.
The continuous phase change shows that this transport process results in a finite outof-phase signal γ π/2 . In contrast to the other transport scenarios described above, photoninduced tunneling through the excited state is not a purely conductive transport process but also has capacitive and inductive contributions. These are due to the complicated charging dynamics of the quantum dot for this particular process. Involved are resonant tunneling through the excited state, recharging of the ground state by the source reservoir and relaxation from the excited state to the ground state. All these processes have different time constants which additionally depend on the gate voltage (i.e., ∆E). The interplay of these result in the observed phase lag. Thus one has a method at hand to determine the admittance of a mesoscopic system [13] [14] [15] in the PAT regime which is related to the relaxation times of the system. In the current setup, however, the inverse modulation frequency 1/δf ≈ 500 µs, which is the time separation between two microwave beat minima, is much larger than the expected relaxation times. An extension of the measurements to modulation frequencies on the order of 10 − 100 MHz corresponding to a time scale of 10 − 100 ns would therefore be desirable. We conclude that with the frequency f the photon energy hf for the photon-induced process can be adjusted, whereas the modulation frequency δf determines the time scale on which the electronic dynamics of the quantum dot is probed.
We have presented photoconductance measurements in the non-linear transport regime of a few-electron quantum dot using phase-locked microwave sources. The electronic structure of the dot is first characterized by common conductance measurements without microwave radiation. Photon-assisted tunneling through the ground state as well as through excited states of the system is observed. The two-source method allows for PAT measurements even in the non-linear transport regime. Additionally, the relative phase of the photocurrent with respect to the incoming microwave signal can be obtained from the two source measurement. This is related to the admittance of the quantum dot at very high frequencies. In future work this can be exploited to determine relaxation times of excited quantum dot states.
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